The skin lesion of early Lyme disease, erythema migrans (EM), is so characteristic that routine practice is to treat all such patients with antibiotics. Because other skin lesions may resemble EM, it is not known whether presumptive treatment of EM is appropriate in regions where Lyme disease is rare. We constructed a decision model to compare the cost and clinical effectiveness of three strategies for the management of EM: Treat All, Observe, and Serology as a function of the probability that an EM-like lesion is Lyme disease. Treat All was found to be the preferred strategy in regions that are endemic for Lyme disease. Where Lyme disease is rare, Observe is the preferred strategy, as presumptive treatment would be expected to produce excessive harm and increased costs. Where Lyme disease is rare, clinicians and public health officials should consider observing patients with EM-like lesions who lack travel to Lyme disease-endemic areas.
Introduction
L yme disease, caused by Borrelia burgdorferi, is the most common vector-borne infection in the United States, affecting tens of thousands of persons annually. Most patients with Lyme disease present with the characteristic erythema migrans (EM) skin lesion. Disseminated sequelae are nearly always averted if the infection is recognized and treated at this stage (Wormser et al. 2003 , Kowalski et al. 2010 . If EM goes untreated, patients are likely to develop complications such as arthritis, neuroborreliosis, or carditis. Because EM is so specific for early Lyme disease, it is standard practice to empirically treat EM with antibiotics .
It has become increasingly recognized that EM-like skin lesions are not pathognomonic for Lyme disease (Tibbles and Edlow 2007, Sharma et al. 2010) . Of particular note is the ''southern tick-associated rash illness,'' or STARI, which occurs primarily in southeastern and southcentral states. STARI is associated with the bite of an Amblyomma americanum tick, which is incapable of transmitting B. burgdorferi (Ryder et al. 1992 , Piesman et al. 1997 , Ledin et al 2005 , Soares et al. 2006 , Zeidner et al. 2009 ). Investigations in southern states have consistently failed to detect B. burgdorferi in EM-like skin lesions, and patients with these skin lesions are seronegative for B. burgdorferi (Kirkland et al. 1997 , Piesman and Happ 1997 , Felz et al. 1999 , Wormser et al. 2005 . There are no known sequelae of untreated STARI, and its etiology, natural history, and appropriate treatment remain unknown.
STARI and Lyme disease have geographic distributions that correspond to their respective tick vectors. Thus, the probability that an EM-like skin lesion is Lyme disease, P(Lyme j EM), will vary as a function of geography. If EM is treated with antibiotics to avert disseminated Lyme disease, this strategy would be of low yield in areas where Lyme disease is uncommon and where, consequently, P(Lyme j EM) is low. Here we present a decision analysis study comparing strategies for the management of EM-like lesions across a theoretical range of P(Lyme j EM).
Materials and Methods

Decision model
We compared three strategies for the management of patients presenting with an EM-like skin lesion: (1) Treat All, in which all patients are given a standard course of antibiotics intended to treat EM due to early Lyme disease; (2) Observe, in which patients are observed, and treated only if disseminated Lyme disease develops; (3) Serology, in which patients are tested using standard two-tier serology (enzyme-linked immunosorbent assay [ELISA] followed by western blot [WB] in the case of a positive or equivocal ELISA). Antibiotics are given to patients meeting criteria for seropositivity, whereas patients with negative serologic tests are observed.
The independent variable upon which we based our model was P(Lyme j EM), or the probability that an EM-like lesion is due to Lyme disease. This value was modeled from 0 to 1. Variables incorporated into the model were the probabilities and costs of disseminated Lyme disease; the effectiveness, risks, and costs of antibiotic therapy; and the sensitivity, specificity, and costs of diagnostic tests.
Assumptions
Our model assumes that EM is treated with antibiotics solely to prevent disseminated Lyme disease. This incorporates the subsidiary assumptions that antibiotic treatment directed at B. burgdorferi infection is not justified for the resolution of EM itself or for the treatment of STARI. The decision tree is illustrated in Figure 1 .
Probabilities and costs
The probabilities and costs used in our model are presented in Table 1 . The base values represent our best estimates. For sensitivity-analysis purposes, we estimated lower and upper end points of a plausible range for all variables in the model, with the exception of the sensitivity and specificity of serology.
Several prior cost effectiveness models of Lyme disease have been published (Magid et al. 1992 , Nichol et al. 1998 , Meltzer et al. 1999 , Shadick et al. 2001 , Hsia et al. 2002 . These studies and their references were reviewed in detail. The range of probabilities modeled in our study was derived from these figures.
The costs of oral doxycycline and oral amoxicillin therapy were based on the average wholesale price. Costs of laboratory testing for Lyme disease were obtained by communication with staff from the Quest, Mayo, and ARUP laboratories, and our cost estimates reflect the range of prices quoted. These particular laboratories were contacted because they are referral laboratories that receive samples from a large market base.
The costs of disseminated Lyme disease and of major adverse medication effects were derived from the studies discussed above (Magid et al. 1992 , Nichol et al. 1998 . Basic decision tree used in model. The probabilities of disseminated Lyme disease sequelae and of major and minor adverse treatment effects were modeled for each treatment strategy. EM, erythema migrans; Pos, positive; Neg, negative.
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LANTOS ET AL. et al. 1999 , Shadick et al. 2001 , Hsia et al. 2002 . One exception should be noted: The Meltzer study projected an 11-year duration of costs related to Lyme arthritis and neuroborreliosis (Meltzer et al. 1999) . This resulted in an 11-fold multiplier that produced a cost much higher than that used in other models. We felt that this duration of illness was not reflective of the typical patient with Lyme disease. For this reason, we used only the single-year cost estimate from that study. All costs were converted to 2010 dollars using the medical cost inflation component of the consumer price index (Felz et al. 1999) . The upper and lower cost estimates for disseminated Lyme disease were determined using an average weighted by the probability of each major disseminated complication. The sensitivity of serology with a solitary EM skin lesion has been demonstrated in the literature to be about 0.35 (AgueroRosenfeld et al. 1992 , Aguero-Rosenfeld 2005 .
Cost-effectiveness analysis
Using the decision tree in Figure 1 as the basis for our computational model, we calculated the expected cost associated with each of the three management strategies. Expected cost is the probability-weighted average cost per patient, considering the possible outcomes for the patient, the cost of each outcome, and their probabilities.
Results
Clinical effectiveness and harm
The expected (i.e., probability-weighted) benefits and harms of each management strategy are presented in Table 2 . Treating all patients with EM-like lesions would result in the most averted cases of disseminated Lyme disease. Where EM is synonymous with Lyme disease, i.e., P(Lyme j EM) = 1, our model predicts that 78,000 cases of disseminated Lyme disease would be averted for every 100,000 treated patients. This number varied directly with P(Lyme j EM), and in settings where Lyme disease accounts for a progressively smaller proportion of EM-like lesions, presumptive treatment would benefit fewer patients. For example, where P(Lyme j EM) = 0.0001, only eight cases of disseminated Lyme disease would be prevented for every 100,000 patients treated.
Major adverse medication events were assumed to occur at a constant incidence, regardless of Lyme disease incidence. P(Lyme j EM), however, influenced the number of major adverse medication events per averted case of disseminated Lyme disease. If one were to treat 100,000 patients in a setting where P(Lyme j EM) = 1, one would anticipate 0.00064 major adverse medication events per averted case of disseminated Lyme disease. As P(Lyme j EM) decreases, however, a treat-all strategy would result in progressively more major adverse medication events per averted case of disseminated Lyme disease. Ultimately, with P(Lyme j EM) of approximately 0.001, one patient would have a major adverse medication event for every averted case of disseminated Lyme disease. At P(Lyme j EM) of 0.00001, a major adverse medication event would be 64 times more likely than an averted case of disseminated Lyme disease. The insensitivity of serology in early localized Lyme disease would result in high numbers of false negatives. According to our model, observing 100,000 patients where P(Lyme j EM) = 1 would result in 83,000 cases of disseminated Lyme disease, as compared with merely 5000 under a Treat All strategy. In this setting, if serology were used to guide treatment, one would still expect 55,700 disseminated Lyme disease cases. Even in regions with low P(Lyme j EM), one would still anticipate a substantial number of disseminated Lyme disease cases due to false negative testing. With P(Lyme j EM) = 0.001, serology-guided treatment would result in 44 cases of disseminated Lyme disease as compared with only 5 with a Treat All strategy. On the other hand, serology would substantially reduce the number of adverse treatment events per averted case of disseminated Lyme disease.
Cost effectiveness
Cost effectiveness was expressed by the following measures: Cost per patient ( Fig. 2A) , and cost per case averted (Fig. 2B ). Both were calculated for P(Lyme j EM) ranging from 0 to 1. Cost per patient was calculated for all three management strategies. Cost per case averted was calculated only for Treat All and Serology (because an Observe strategy would never result in an averted case).
Where all EM cases are due to Lyme disease (P(Lyme j EM) = 1), the cost for a Treat All strategy would be $219 per patient. Serology-guided care would cost $2315 per patient. The Observe strategy would cost $3320 per patient. Where EM-like lesions are never due to Lyme disease (P(Lyme j EM) = 0), Treat All would cost $19 per patient, Serology would cost $80, and Observe would cost $0 per patient. All strategies become more costly as P(Lyme j EM) increases (Fig. 2) . Treat All is the least expensive strategy for all values of P(Lyme j EM) greater than 0.0061. Below this value, Observe was the least costly strategy. Serology was never the most cost effective strategy at any value of P(Lyme j EM).
For all P(Lyme j EM) > 0.0061, Treat All would result in a net savings per averted case of disseminated Lyme disease. Where P(Lyme j EM) = 1, this would save $3976 per case averted (as compared with an Observe strategy). At values of P(Lyme j EM) < 0.0061, Treat All would result in a net loss. Treat All resulted in a lower cost per case averted than Serology at all values of P(Lyme j EM) (Fig. 2B) . Furthermore, Treat All was cost effective relative to Observe (resulting in net savings) for a wider range of values for P(Lyme j EM) compared to Serology, which was cost effective relative to Observe for values of P(Lyme j EM) > 0.074.
Sensitivity analysis
The results described above focus on the impact of P(Lyme j EM) on the preferred strategy. We can, however, consider how varying the other inputs might affect our results. Although we do not present details here, our sensitivity analysis shows the following:
For values of P(Lyme j EM) > about 0.074, Treat All is the preferred strategy, no matter where the values of the other inputs fall within the ranges shown in Table 1 . For larger values of P(Lyme j EM), the cost of disseminated Lyme disease has the most impact on cost effectiveness of Treat All; the larger this cost, the more cost effective is Treat All. As P(Lyme j EM) decreases below 0.074, the cost of antibiotic treatment used in Treat All becomes more important; the greater the treatment cost, the less cost effective is Treat All. The larger the treatment cost, the larger the breakeven value of P(Lyme j EM) where Treat All has no advantage over Observe, and the greater the range of P(Lyme j EM) for which Observe is preferred. Despite the ranges in Table 1 , none of the other inputs play a major role in determining whether Treat All is cost effective relative to Observe.
Discussion
Despite common teaching that EM is pathognomonic for Lyme disease, STARI has emerged as an alternative diagnosis in regions where Lyme disease is rare. Because the appropriate treatment of STARI is unknown, the primary goal of 
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treating EM remains to prevent disseminated Lyme disease. If so, then achieving this goal will be improbable in settings where STARI is far more likely than Lyme disease, and the expected benefits of therapy may be outweighed by costs and risks. We have constructed a model using clinical and cost variables to determine if there is a threshold of risk below which testing or observation become the preferable to empiric treatment. Our model affirms that empirically treating patients with EM-like lesions remains the preferred practice not only in highly Lyme-endemic states, but also in transitional states, such as Maryland and Virginia, where both Lyme disease and STARI coexist. On the other hand, where Lyme disease is nonendemic, EM-like lesions are most likely to have an alternative explanation (e.g., STARI) and a Treat All strategy will rarely if ever prevent disseminated Lyme disease. As a consequence, with a declining P(Lyme j EM), Treat All becomes progressively less cost effective and more potentially harmful. Ultimately the risk of adverse events exceeds the likelihood of therapeutic success. Between these two extremes is a transitional zone where both STARI and Lyme disease coexist, and where Treat All generally remains the preferred strategy.
The major question raised by our study is one of geography: Where is the risk of Lyme disease is so low that Observe becomes preferable to Treat All? While P(Lyme j EM) has not been studied systematically over a wide geographic area, several studies have illustrated that Lyme disease is highly improbable among EM patients in southcentral and southeastern states. Of 23 EM patients from Georgia and South Carolina, no patient was seropositive by standardized interpretive criteria; the only patient who was culture positive had Borrelia garinii infection, which was presumably acquired in Europe (Felz et al. 1999) . Of 14 patients seen in North Carolina, paired acute and convalescent sera were negative for B. burgdorferi in 13 of 13 patients tested, and five of five patients were negative by biopsy (Kirkland et al. 1997 ). Only one of 72 patients from Missouri with EM-like lesions developed seroreactivity to the B. burgdorferi C6 peptide, as compared with eight of nine patients from New York (Philipp et al. 2006) . B. burgdorferi was not demonstrable from EM-like lesions in Missouri, whereas it is regularly demonstrated in patients from New York (Campbell et al. 1995 , Wormser et al. 2005 . These findings corroborate Lyme disease surveillance statistics, which consistently demonstrate that Lyme disease is very uncommon in Missouri, and in southeastern states including the Carolinas and Georgia (Centers for Disease Control and Prevention 2010, Centers for Disease Prevention and Control 2005-2010) .
The abundance of Ixodes scapularis nymphs, and in particular nymphs infected with B. burgdorferi, correlates strongly with human Lyme disease transmission , Pepin et al. 2012 . I. scapularis nymphs have been very infrequently reported south of the 39 th parallel (Goddard and McHugh 1990, Diuk-Wasser et al. 2006) , and infected nymphs were virtually absent in this region in recent large-scale sampling studies Diuk-Wasser et al. 2006 , Diuk-Wasser et al. 2012 . States with high rates of human Lyme disease are characterized by an I. scapularis nymph density that exceeds 5 ticks per 1000 m 2 (Table 3 ) . By contrast, density is only 0.5 nymphs per 100 m 2 in southern and southeastern states. A. americanum, on the other hand, is abundant in these southern states, with densities exceeding seven ticks per 1000 m 2 In fact, A. americanum is by far the most abundant human-biting tick in this region of the country (Anigstein and Anigstein 1975, Goddard and McHugh 1990, Control and Prevention 2005-2010; Duik-Wasser et al. 2006; Duik-Wasser, et al. unpublished data 2006.) Sample inclusion methodology:
Five independent transects must have been sampled during each 1-to 2-day site visit; Numbers of adult and nymphal ticks were summed across transects during each visit; Numbers of ticks were averaged for each site across the number of site visits; Density estimates for each site were averaged within a state; Data from only 2004 were included. Campbell and Bowles 1994 , Felz et al. 1996 , Felz and Durden 1999 , Felz et al. 1999 , Merten and Durden 2000 . This tick is rare, however, in the northeast and upper Midwest. The states where EM-like lesions are unlikely to be Lyme disease are thus characterized by (1) abundance of A. americanum, (2) paucity of I. scapularis nymphs, (3) absence of B. burgdorferiinfected nymphs, and (4) a low surveillance incidence of human Lyme disease. In these states it should be assumed that an P(Lyme j EM) is very low, and an Observe strategy would be most appropriate.
A. americanum and I. scapularis coexist in mid-Atlantic states, such as Maryland and Virginia (Table 3) . Patients in this region are at risk of both Lyme disease and STARI. Despite the abundance of A. americanum and the falling density of I. scapularis as one progresses south, one still finds an appreciable incidence of Lyme disease in these two states. Even if P(Lyme j EM) is only 0.1, the Treat All strategy would prevent 7800 cases of disseminated Lyme disease per 100,000 patients treated, with a cost of only one major adverse medication event per 156 cases averted, and it would be the most cost-effective approach. Thus, it can be concluded that in transitional states where Lyme disease and STARI coexist, the Treat All strategy remains preferred. Statewide recommendations may not be appropriate for states with internally heterogeneous Lyme disease transmission (e.g., Illinois or Virginia).
Because of its poor sensitivity in early Lyme disease, serology-guided treatment proved to be neither cost effective nor clinically effective, regardless of P(Lyme j EM). The likelihood of a false negative serology renders this test unhelpful to rule Lyme disease in when the pretest probability is already high, and uninformative when the pretest probability is low.
Our study makes a critical assumption that merits discussion: That antibiotic treatment of STARI is not useful. In reality this remains unknown. Expert opinions and observations from an uncontrolled cohort study suggest that STARI resolves more quickly once antibiotics are started (Masters et al. 2008 , Wormser et al. 2005 . In contrast, an individual case report demonstrated lack of response to amoxicillin (Feder et al. 2011) . There are no known sequelae of untreated STARI. In the absence of an etiology and without controlled treatment trials, the role of antibiotics in STARI remains undefined.
A second assumption is that EM is not worth treating for its own sake. While this condition is mild in many cases, patients who are ill or febrile can expect quick improvement with effective antibiotics. There also may be some patients who are very anxious about a strategy of observation and follow up, and offering antibiotics may have an additional psychological utility in these cases.
It is worth discussing various factors that we chose not to include in our model. We did not model paired acute and convalescent serology. This strategy would improve the sensitivity of serodiagnosis in early infection, but this could be offset by the potential to develop early disseminated disease before obtaining convalescent sera. We did not model biopsy PCR identification of B. burgdorferi, both because it has performed variably in studies and because it would be cost prohibitive. We did not model the investigational C6 antibody test. We did not model the use of macrolides for the treatment of EM due to the higher risk of treatment failure. We also did not model the potential dental toxicity of doxycycline in young children. Finally, while it is difficult to accurately estimate the cost of a given complication of Lyme disease, our sensitivity analysis attributed less than 10% of the variability in cost effectiveness to these costs.
Conclusions
We have constructed a model of treatment strategies for EM-like lesions. In southern and southeastern states, treatment of EM as if it is Lyme disease may result in an unacceptably high risk of complications with little expected benefit. On the other hand, empiric treatment should remain the standard of care in areas with endemic Lyme disease transmission, including the mid-Atlantic states, where STARI and Lyme disease coexist. In particular, where Lyme disease is not locally transmitted, physicians should obtain a travel history before assuming that an EM-like lesion is synonymous with Lyme disease. Whether STARI requires antibiotics is a question that only research can adjudicate.
